Background: Current HPV vaccines do not protect against all oncogenic HPV types. Following vaccination, type replacement may occur, especially if different HPV types competitively interact during natural infection. Because of their common route of transmission, it is difficult to assess type interactions in observational studies. Our aim was to evaluate type replacement in the setting of HPV vaccine randomized controlled trials (RCTs). Methods: Data were pooled from the Costa Rica Vaccine Trial (CVT; NCT00128661) and PATRICIA trial (NCT001226810)-two large-scale, double-blind RCTs of the HPV-16/18 AS04-adjuvanted vaccine-to compare cumulative incidence of nonprotected HPV infections across trial arms after four years. Negative rate difference estimates (rate in control minus vaccine arm) were interpreted as evidence of replacement if the associated 95% confidence interval excluded zero. All statistical tests were two-sided. Results: After applying relevant exclusion criteria, 21 596 women were included in our analysis (HPV arm ¼ 10 750; control arm ¼ 10 846). Incidence rates (per 1000 infection-years) were lower in the HPV arm than in the control arm for grouped nonprotected oncogenic types (rate difference ¼ 1.6, 95% confidence interval [CI] ¼ 0.9 to 2.3) and oncogenic/nononcogenic types
(rate difference ¼ 0.2, 95% CI ¼ À0.3 to 0.7). Focusing on individual HPV types separately, no deleterious effect was observed. In contrast, a statistically significant protective effect (positive rate difference and 95% CI excluded zero) was observed against oncogenic HPV types 35, 52, 58, and 68/73, as well as nononcogenic types 6 and 70. Conclusion: HPV type replacement does not occur among vaccinated individuals within four years and is unlikely to occur in vaccinated populations.
Despite the availability of effective screening methods, cervical cancer remains a leading cause of cancer death in women worldwide (1) . Because of the high cost and infrastructure required to successfully implement screening, cervical cancer has become a sentinel disease of economic inequality. Human papillomavirus (HPV) is a necessary cause of cervical cancer, and prophylactic vaccination now offers the best opportunity to reduce the global burden of cervical and other HPV-related cancers (2, 3) . However, current vaccines do not offer protection against all HPV types and the theoretical possibility that other types may emerge to fill the vacated ecological niche following successful elimination of vaccine-targeted types has remained a concern for over 10 years (4) . This is a concept referred to as "type replacement" (5) . Aside from potential issues related to duration of protection, type replacement is the main biological phenomenon that may limit the success of vaccine efforts aimed at reducing morbidity and mortality associated with cervical HPV infection.
While more than 40 different anogenital HPV types exist, only 13 are classified as definite or probable carcinogens (6, 7) . In descending order, the most common oncogenic types implicated in cervical cancer globally include: 16, 18, 58, 33, 45, 31, 52, 35, 59, 39, 51, 56, and 68 (8) . The first two types listed here (HPVs 16 and 18) are responsible for approximately 70% of cervical cancer cases worldwide, whereas the first seven types are responsible for approximately 90% of cases (9) (10) (11) . Prior to 2015, the HPV-6/ 11/16/18 vaccine, Gardasil, and the HPV-16/18 AS04-adjuvanted vaccine, Cervarix, were the only commercial HPV vaccines available (12, 13) . Among HPV-naïve individuals, both of these firstgeneration vaccines are nearly 100% efficacious against the respective target types and provide variable degrees of crossprotection against other related types, particularly HPVs 31, 33, . The seven most common oncogenic HPV types are targeted by the nonavalent Gardasil 9 vaccine (18) .
Type replacement previously occurred following pneumococcal vaccination due to creation of an open ecological niche and other biological properties of the virus strains (19) . HPV is much more genetically stable than Streptococcus pneumonia, and therefore emergence of escape mutants or entirely new HPV types is not likely to occur. Competition during natural infection between the existing vaccine targeted and nontargeted HPV types is probably a requirement for type replacement to occur (5). Many investigators have used observational (cohort or cross-sectional) data to evaluate HPV type competition among unvaccinated women, and there has been little evidence of competitive interactions (5) . Nonetheless, vaccination against only a proportion of HPV types may introduce a competitive advantage for some nonvaccine types that could lead to type replacement.
The National Cancer Institute-sponsored Costa Rica HPV-16/ 18 vaccine trial (CVT) and the GSK-sponsored multisite PApilloma TRIal against Cancer In young Adults (PATRICIA) are two large-scale, double-blind randomized controlled trials (RCTs) of the HPV-16/18 AS04-adjuvanted vaccine using similar design and methodology (16, 20, 21) . To evaluate type replacement at the individual level, we pooled CVT and PATRICIA data and compared rates of nonvaccine/nonprotected incident HPV infections across arms of these two trials.
Methods

Study Design and Laboratory Procedures
Women randomly assigned to receive either the HPV-16/18 AS04-adjuvanted vaccine or hepatitis A vaccine (HAV) in CVT (NCT00128661, n ¼ 7466) (16, 20) and PATRICIA (NCT001226810, n ¼ 18 729) (21) were considered for inclusion in our analysis. In CVT, most participants were 18 to 25 years of age (four were age 17 or 26-27 years), and in PATRICIA, most were age 15 to 25 years (26 were age 14 or 26-33 years). Recruitment for the two trials took place over a similar period (2004 to 2005), and while CVT participants were all from Costa Rica (Guanacaste Province or selected areas of Puntarenas Province), PATRICIA participants came from multiple countries in Europe, Latin America, North America, and the Asia-Pacific region. Because the trials were generally harmonized at the design phase, they share many important features; for example, the same vaccines were administered on the same schedule (enrollment, one month, and six months), the same HPV DNA and serology assays were used with testing done in the same laboratories, and referral algorithms for additional work-up (repeat cytological testing or colposcopy) were also similar. The main difference between protocols is that unless women had abnormal cytology triggering additional work-up and more intensified follow-up, CVT participants were observed annually whereas PATRICIA participants were seen every six months. Women with low-grade squamous intraepithelial neoplasia or who were positive for HR-HPV types with atypical squamous cells of undetermined significance were referred for additional work-up, including excisional treatment of high-grade lesions.
Broad-spectrum polymerase chain reaction (PCR)-based HPV DNA testing (DDL Diagnostic Laboratory) was conducted at each clinic visit, as described previously (22) (23) (24) . Briefly, the assay used is based on amplification and probe hybridization with the SPF10 HPV DNA enzyme immunoassay (DEIA) system followed by typing with the LiPA25 version 1 method (Labo Biomedical Products, Rijswijk, the Netherlands). All specimens, including those collected from women undergoing more intensified follow-up in CVT, underwent PCR testing. To ensure that HPV16 and HPV18 infections were not missed, all specimens positive for HPV DNA by DEIA but negative for these types by LiPA25 were retested with type-specific primers/probes for the presence of HPV16 and HPV18 DNA. In PATRICA, type-specific PCR results were available for additional HPV types (31, 33, 35 , 45, 52, 58, and 59); however, to ensure consistency, these type-specific results were excluded from our primary pooled analyses and considered in studyspecific sensitivity analyses. HPV16 and HPV18 serological status was also assessed at baseline, using a virus-like particle-based direct enzyme-linked immunosorbent assay (GlaxoSmithKline Biologicals) and dichotomized according to standard cutoffs (25) .
Approval of clinical protocols and other study material was obtained from independent ethics committees or institutional review boards, and all participants in each trial provided written informed consent prior to enrollment.
Statistical Analysis
The current post hoc analysis followed a statistical analysis plan prepared in advance. The primary end point was incident cervical HPV infection with types for which the HPV-16/18 vaccine has not shown evidence of efficacy against, that is, excluding HPVs 6, 11, 16, 18, 31, 33, 45, 51, and 74 (16, 17, 26) . Incident infection was defined as an infection during follow-up that was not present during the vaccination phase (entry to six-month visit) or in instances where the infection was present during the vaccination phase that cleared during follow-up before reappearing.
Incidence rates and associated 95% confidence intervals (CIs) were calculated for groups of oncogenic types (HPVs 35, 39, 52, 56, 58, 59, and 68/73) and oncogenic/nononcogenic types (HPVs 34, 35, 39, 40, 42, 43, 44, 52, 53, 54, 56, 58, 59, 66, 68/73, and 70). Grouped rates were expressed per 1000 infection-years as the ratio of number events to the total combined follow-up time for each HPV type that a woman was at risk of acquiring in the respective groups. Incidence rates were also calculated for the individual types listed above, plus additional types (HPVs 6, 11, 51, and 74) for which evidence of HPV-16/18 vaccine efficacy is less consistent. Because calculation of incidence rates for individual types was based on total follow-up time at risk for each type separately, rates for these analyses were expressed per 1000 person-years. Importantly, for a woman to initially be considered at risk, it was required that she be negative for all nine HPV types that the vaccine is suspected to offer protection against, that is, the types that may potentially be replaced. Although we did not exclude women infected with these HPV types, these infections must have cleared before a woman was considered at risk. While infection-or person-time began one day after enrollment, outcome assessment began at the 12-month study visit, that is, the first visit potentially attended by a woman after receiving her third vaccine dose (!301 days after enrollment). Over the four-year follow-up period, type replacement was evaluated by comparing cumulative rates of HPV infection between the HPV vaccine and control arms. In each of our analyses, rate difference and vaccine efficacy estimates were reported, representing the absolute and percentage change (reduction or increase) in the outcome of interest, respectively. Negative estimates would be interpreted as evidence of type replacement if the associated 95% confidence interval excluded zero. This analysis was conducted at the infection level and therefore, to account for lack of independence between infections occurring within the same individual, generalized estimating equation methods were utilized in comparing rates across arms. All statistical tests were twosided, and a P value of less than .05 was considered statistically significant.
In our primary analyses, single time HPV detection was considered the outcome, and in situations where nonprotected types were present during the vaccination phase, women were considered to be at risk for that particular type immediately following clearance, that is, following a single negative HPV test. Single time clearance of vaccine-protected types present at enrollment was also considered sufficient before a woman could be considered at risk for any nonprotected HPV type. Additional analyses were performed excluding and restricted to women positive at entry for any of the HPV types that the vaccine has shown evidence of efficacy against, stratified by year of participant follow-up, restricted to results from annual study visits, reporting results from each trial separately, focusing on persistent incident infections (twotime positivity at consecutive clinic visits), requiring two consecutive negative tests to confirm clearance in instances where infection was present during the vaccination phase, and restricted to women virginal at study entry but who initiated sexual activity during follow-up. These sensitivity analyses were conducted to ensure that our reported findings were robust to the definition of cohort and outcome that we used. In an effort to ensure that the outcomes evaluated were true new infections, we also performed additional analyses excluding infections that were present during the vaccination phase, cleared, and were reacquired (same HPV type) during follow-up.
Results
In total, 26 195 women were randomly assigned to the HPV arm (CVT, n ¼ 3727; PATRICIA, n ¼ 9354) and control arm (CVT, 
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n ¼ 3739; PATRICIA, n ¼ 9375) (Figure 1 ). Women were excluded from our analysis if they were referred for colposcopy prior to their 12-month visit (n ¼ 1255), were under observation for less than 12 months (n ¼ 1739), remained virginal during follow-up (n ¼ 1093), received both HPV and control vaccines (n ¼ 18), or contributed no time at risk because of prevalent infection with a vaccine-protected type that did not clear before the final study visit (n ¼ 494). After applying these restrictions, 2331 women were excluded in the HPV arm and 2268 in the control arm, resulting in a total of 21 596 eligible women (HPV arm, n ¼ 10 750; control arm, n ¼ 10 846). There was nearly perfect balance across arms for baseline characteristics, including age, sexual history, cytology status, HPV 16/18 serology status, and HPV DNA status, as well as total follow-up time and number of clinic visits (Supplementary Table 1 , available online).
In our primary analyses, the overall incidence rate was lower in the HPV arm compared with the control arm for oncogenic HPV types not protected by the HPV-16/18 vaccine (rate difference ¼ 1.6, 95% confidence interval [CI] ¼ 0.9 to 2.3; efficacy ¼ 10.8%, 95% CI ¼ 6.1% to 15.4%) and for comparable oncogenic/ nononcogenic types (rate difference ¼ 0.2, 95% CI ¼ À0.3 to 0.7; efficacy ¼ 7.7%, 95% CI ¼ -10.5% to 22.9%) ( Table 1 ). In our analyses restricted to women who were either negative or positive at enrollment for any of the nine HPV types that the vaccine has shown evidence of efficacy against (nonoverlapping strata), incidence rates (even if much higher in the baseline positive group) remained lower in the HPV arm for both outcomes (Table 2) . Results also remained similar when stratified according to year of participant follow-up and when restricting HPV results to annual study visits only (Supplementary Tables 2 and 3 , respectively, available online). Similarly, results remained consistent in our study-specific analyses, with no evidence of heterogeneity across study (P ¼ .40 for oncogenic HPV types and P ¼ .23 for nononcogenic HPV types), as well as in our PATRICIA analyses incorporating additional type-specific PCR results (Supplementary Table 4 , available online).
Applying a more conservative outcome definition (ie, twotime positivity to confirm incidence), our rate difference estimates reduced from 1.6 to 0.1 for oncogenic types, and from 0.2 to 0.0 for oncogenic/nononcogenic HPV types (Supplementary  Table 5 , available online). But regardless of whether clearance of infections present during the vaccination phase was *Excluding women positive at entry for any of these HPV types that the vaccine has shown evidence of efficacy against. CI ¼ confidence interval; HPV ¼ human papillomavirus. †Restricted to women positive at entry for any of these HPV types that the vaccine has shown evidence of efficacy against.
confirmed with two consecutive negative tests or a single test before a specific HPV type could be considered a new incident infection, our results remained similar (Supplementary Table  6 , available online). In the truly naïve cohort, which includes women virginal at study entry but who initiated sexual activity during follow-up, similar HPV incidence rates were observed across arms for oncogenic types (rate difference ¼ 1.2, 95% CI ¼ À0.9 to 3.2) and for oncogenic/nononcogenic types (rate difference ¼ À0.6, 95% CI ¼ À1.9 to 0.7) (Supplementary Table 7 , available online). Finally, after combining all the restrictions applied in Supplementary Table 5 (available online; two-time positivity to confirm incidence), Supplementary Table 6 (available online; two negative tests to confirm clearance), and Supplementary Table 7 (available online; virginal at study entry), similar incidence rates were observed across arms for oncogenic HPV types (rate difference ¼ 0.7, 95% CI ¼ À0.4 to 1.8) and oncogenic/nononcogenic HPV types (rate difference ¼ 0.1, 95% CI ¼ -0.5 to 0.7) (Supplementary Table 8 , available online). Results also remained consistent in our analyses excluding re-acquired infections (Supplementary Table 9 , available online).
Rate difference and efficacy estimates for the individual nonprotected HPV types are presented in Figure 2 . A statistically significant positive rate difference was observed for HPV types 6, 35, 52, 58, 68/73, and 70 (range ¼ 1.5-5.8). For the types where a negative rate difference was observed (HPVs 40, 42, 43, 54, and 59), none of the estimates were statistically significant (95% CI included zero) and HPV59 was the only oncogenic type.
Discussion
Our findings, revealing similar or higher incidence of nonprotected HPV types in the control arm compared with the HPV arm across all our analyses, provide strong evidence that type replacement is unlikely to occur among vaccinated individuals. Although previous observational studies also provide little evidence of competitive interactions between HPV types (suggesting low risk of replacement), because of correlated exposures it has been difficult in these studies to determine if risk of a particular HPV type is lower given infection with another type (Supplementary Table 10 , available online). Despite adjustment or other statistical methods that have been utilized, these approaches are unlikely to account for all bias associated with this lack of independence between infections in studies evaluating HPV type competition.
In well-executed RCTs, the confounding of HPV acquisition rates by sexual behavior and other risk factors is greatly minimized. RCTs therefore provide a good setting to evaluate HPV type replacement. Although the number of incident infections (especially for less common HPV types) may be low in individual trials, pooling data across similar trials maximizes power. CVT and PATRICIA are the only completed trials with similar designs evaluating the HPV-16/18 vaccine, which makes our analysis the largest and most powerful pooling effort possible at this time to evaluate type replacement. In addition to providing strong evidence against replacement, we also observed statistically significant albeit low protective efficacy against certain other oncogenic and nononcogenic incident infections. A low level of protection against these additional HPV types suggests that the HPV-16/18 vaccine may be more effective in preventing precancerous/cancerous cervical lesions than originally anticipated.
In our study, we were only able to evaluate HPV type replacement at the individual level, which may be considered a limitation of this investigation. Ongoing surveillance studies (comparing the prevalence of HPV types in vaccinated communities across pre-and postvaccination periods) and/or community-randomized studies monitoring the effectiveness of vaccination will provide important information about the community level effect of vaccination (27) . Studies reporting reduced rates of vaccine-targeted HPV types and related precancerous lesions in vaccinated populations have already been published (28) ; however, some studies have reported higher rates of nontargeted types (29, 30) . While surveillance studies offer the advantage of monitoring type replacement in settings where exposure to circulating viral types may have changed more dramatically because of high vaccine coverage (31), nonrandomized comparisons across populations and different time periods could lead to bias associated with different HPV risk groups being compared, representativeness of the samples, or changes in other relevant factors across time periods.
The use of consensus PCR assays may lead to an apparent increase in some nonprotected HPV types because of diagnostic artifacts, that is, technical "unmasking" caused by reduced competition for reagents between vaccine-protected and nonprotected HPV types and improved amplification of nonprotected types that were previously present, but missed because of competition within the assay (5, 32) . It is important to recognize that a reported increase in specific HPV types caused by unmasking would not be representative of the true change in HPV prevalence.
In our analyses requiring two-time positivity to confirm incidence (intended to avoid inclusion of cases caused by viral deposition), effect estimates were slightly lower, but not meaningfully different, compared with our main analyses. To explore if the discrepant cases in this analysis may have been caused by an assay sensitivity issue and differential competition for reagents across arms, we evaluated if the cases that were persistent (þ, þ) vs those that were not (þ, -) differed by infection status with some other HPV type(s) at the second visit and across arms. Among infections that did not persist, prevalence of infection with one or more other HPV type(s) at the second visit was actually lower in the control arm compared with the HPV arm (35.0% vs 44.5%, respectively); and within each arm, prevalence of other type(s) at the second visit was similar among infections that did and did not persist. This suggests that our attenuated estimates were unlikely caused by an assay sensitivity issue.
Women with prevalent HPV infection are known to be at greater risk of acquiring additional HPV infections due to higher HPV exposure and may represent the ideal subpopulation to evaluate type replacement. As expected, based on our previous observations in our analyses restricted to women infected with at least one vaccine-protected type at enrollment (33), we observed the highest incidence rates and also somewhat higher rate difference estimates. These estimates were, however, not meaningfully different compared with our original results. Among the opposite low-risk group of women virginal at study entry and with low incidence rates, we observed a small negative (albeit statistically nonsignificant) rate difference for oncogenic/nononcogenic HPV types, which was the only negative estimate across all of our grouped analyses.
A limitation of pooling results from PATRICIA and CVT is that despite harmonization at the design phase, study protocols and HPV testing methodology were slightly different. For example, in PATRICIA, type-specific PCR results were available for HPV types 31, 33, 35, 45, 52, 58, and 59, whereas only LiPA25 results were available for these types in CVT. As a result, we were forced to exclude type-specific PCR results for these types from our main pooled analyses. Although we do not expect that our conclusions would be different had type-specific PCR results been available in both studies for these types, higher efficacy was observed in our study-specific PATRICIA analyses that included all available PCR results. Additionally, while women in PATRICA had regular six month visits, those in CVT attended only annual visits unless they had abnormal cytology results prompting additional visits. Because women in the HPV arm may be less likely to develop early precancerous lesions resulting in additional follow-up visits, women in the control arm may be more likely to have their transient HPV infections detected. Fortunately, women in the HPV and control arms had the same total follow-up time and number of visits, which supports our findings from analyses restricted to annual visits revealing consistent results. Balance across arms for measured risk factors also assures us that randomization was successful and that any statistically significant difference in observed incidence rates may be attributed to HPV vaccination.
Millions of women worldwide have now been vaccinated with either Cervarix (bivalent) or Gardasil (quadrivalent) HPV vaccines, and despite the arrival of Gardasil 9-a new nonavalent version that targets five additional oncogenic types-all vaccines remain in widespread use. In the current study, type replacement was not observed among HPV-vaccinated women in populations with low vaccine coverage. Although we cannot confirm absence of replacement in populations with high vaccine coverage in this study, as the most comprehensive analysis to date, our results provide important reassurance that HPV vaccination is unlikely to cause type replacement in vaccinated populations.
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